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timates	 with	 those	 from	 the	 ground	 to	 determine	 the	 validity,	 strengths,	 and	
weaknesses	of	using	UAVs	as	a	new	method	for	assessing	liana	infestation	of	tree	
canopies.




ing,	 and	 visual	 interpretation,	were	 considerably	 faster	 and	more	 cost-efficient	
than	ground-based	surveys.







sessing	 liana	 impacts	 on	 the	 global	 carbon	 balance,	 and	 particularly	 useful	 for	
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services	 to	all	 life	on	Earth	 (Lowman	&	Schowalter,	2012;	Ozanne	
et	al.,	 2003).	 One	 of	 the	most	 important	 ecosystem	 services	 that	
tropical	forests	provide	is	their	ability	to	store	and	sequester	carbon	




Lianas	 (woody	 vines)	 are	 conspicuous	 components	 of	 tropical	
forests,	where	they	peak	 in	abundance,	biomass,	and	species	rich-
ness	(Schnitzer	&	Bongers,	2002).	Lianas	use	the	structural	biomass	
of	 trees	 to	 deploy	 leaves	 in	 the	 canopy,	 thus	 investing	 relatively	
more	resources	in	producing	an	extensive	leaf	canopy	than	in	woody	




biomass	 have	 increased	 over	 the	 last	 few	 decades	 (Schnitzer	 &	
Bongers,	2011).	Consequently,	lianas	have	proliferated	in	the	forest	
canopy,	 indicated	by	 an	 increase	 in	 their	 contribution	 to	 leaf	 pro-
ductivity	as	well	as	in	the	number	of	tree	crowns	infested	(Ingwell,	
Wright,	 Becklund,	 Hubbell,	 &	 Schnitzer,	 2010;	 Wright,	 Calderón,	
Hernandéz,	 &	 Paton,	 2004).	 Partly	 due	 to	 their	 extensive	 cano-
pies,	 lianas	aggressively	compete	with	 trees,	 reducing	 tree	growth	
(Ingwell	 et	al.,	 2010;	 van	 der	 Heijden	 &	 Phillips,	 2009),	 fecundity	
(e.g.,	Kainer,	Wadt,	&	Staudhammer,	 2014),	 survival	 (Ingwell	 et	al.,	










Being	 able	 to	 accurately	 monitor	 the	 presence	 and	 degree	 of	
liana	 infestation	 in	 forest	 canopies	 over	 time	 and	 space	 is,	 there-
fore,	 important	 for	 determining	whether	 and	where	 liana	 impacts	
are	high	and/or	may	be	increasing,	particularly	in	managed	tropical	
forests.	Due	to	practical	difficulties	in	accessing	tropical	forest	can-
opies	 (Nakamura	et	al.,	2017),	assessing	 liana	canopy	 infestation	 is	
traditionally	done	by	ground-	based	 surveys	 (e.g.,	 van	der	Heijden,	




the	 stratified	 nature	 of	 tropical	 forests	 often	 limits	 the	 visibility	





















Unmanned	aerial	 vehicles	 (UAVs)	with	 sensors	overcome	most	
of	 the	 aforementioned	 limitations	 of	 remote	 sensing	 platforms	
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sifying	 liana	 infestation	 from	 UAV	 images	 (reproducibility between 
observers);	 (b)	 evaluating	 the	 strength	 of	 the	 correlation	 between	
UAV-	and	ground-	derived	measures	of	liana	infestation	on	individual	
tree-	and	plot	 levels,	and	for	different	canopy	strata	 (accuracy and 
reproducibility against benchmarked method);	and	(c)	comparing	input	
time	and	costs	between	ground	and	UAV	surveys	of	liana	infestation	
(efficiency against a benchmarked method).






















































2.3 | UAV data collection and liana assessments
We	acquired	images	of	the	forest	canopy	using	a	lightweight,	agile,	
inexpensive,	commercially	available	quadcopter	UAV:	a	DJI	Phantom	






positioning	 to	 enable	 autonomous	 flights	 of	 up	 to	 ~23	min.	 Each	
image	is	geo-	tagged	with	the	GPS	location	and	altitude	of	the	UAV	
at	the	point	of	capture.









fied	 canopy	 gaps	 large	 enough	 to	 allow	 the	UAV	 to	 be	 launched/
landed,	and	manually	piloted	it	through,	to	ensure	maximal	pilot	con-
trol	and	minimal	risk	of	collisions.	The	flights	were	conducted	during	
calm	 conditions	 to	 prevent	wind	 effects	 on	 leaves	 (McNeil,	 2016)	
and,	where	 possible,	when	 there	was	 even	 cloud	 cover	 to	 ensure	
diffuse	radiation	and	minimize	shadowing	in	the	canopy—improving	
clarity	 in	the	 images	and	aiding	 liana	 identification.	All	 flights	took	
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to	 automate	 liana	 infestation	 identification	 in	 tree	 canopies	 from	
RGB	 image	data.	Any	 trees	 for	which	ground	data	were	collected,	
but	which	were	obscured	by	larger	trees	and	not	visible	on	the	UAV	
image	data,	were	excluded	from	further	analysis	on	individual	tree	






dered	 each	 tree	 crown	 recognizable	 and	 individual	 leaves	 clearly	
identifiable	(Figure	2).	Liana	load	could,	therefore,	be	assessed:	trees	










W)	 and	Spearman’s	 rank	 test,	 respectively,	 to	 assess	 the	 concord-
ance	of	COI	and	%LC	values	recorded	by	different	observers,	find-





3.2 | Reproducibility (against a benchmarked 
method)
There	 was	 high	 concordance	 of	 COI	 scores	 between	 UAV	 and	
ground	surveys	for	the	full	dataset	 (Kendall’s	W	=	0.947,	p < 0.001, 
N = 3,555;	Tables	2	and	3),	with	liana	load	scored	the	same	on	71.1%	
of	 occasions.	 Classifications	 differed	 by	 one	 class	 for	 26.1%,	 and	
by	 two	or	more	 classes	 for	 2.8%	of	 the	 trees.	 The	most	 frequent	
differences	between	UAV	and	ground	surveys	(43.2%	of	trees	that	
differed)	were	when	COI	was	scored	0	(liana-	free)	by	ground-	based	
surveys	 and	 1	 (low	 infestation)	 by	 UAV	 surveys	 (Tables	2	 and	 3).	
Similar	trends	were	found	for	Danum	and	the	different	forest	types	
in	Sepilok	separately	(Supporting	Information	Appendix	S3.1).
We	used	Model	 II	 regression	 to	 test	 the	 relationship	 between	
the	UAV	and	 the	 ground-	derived	%LC	values.	Model	 II	 regression	
performs	better	than	standard	Model	I	(OLS)	regression	when	there	













infested	 trees,	with	 the	 regression	 line	 significantly	below	 the	1:1	




due	 to	 the	 stratified	 nature	 of	 tropical	 forests	 canopies,	 we	 also	
compared	ground	and	UAV	survey	 results	 for	 tree	crowns	 located	
in	 different	 canopy	 strata.	We	 found	 strong	 agreement	 between	
ground-	and	UAV-	derived	COI	values	(Kendall’s	W	>	0.9)	for	all	can-
opy	 stature	 classes	 except	 emergent	 trees	 (Kendall’s	 W	=	0.750;	
Table	2;	 Supporting	 Information	 Appendix	S3.4a–d).	 The	 most	
common	differences	were	again	when	COI	was	classed	as	0	by	the	
ground	 survey	 and	 1	 by	 the	 UAV	 survey,	 especially	 in	 the	 higher	
canopy	strata	(this	was	up	to	seven	times	more	likely	for	emergent	
trees).	Agreement	between	 the	 two	methods	was	greater	 for	 tree	









At	 plot	 level,	 there	was	 a	 strong,	 positive	 relationship	 between	
ground-	and	UAV-	based	classifications	of	(a)	the	proportion	of	liana-	
infested	trees	per	plot,	and	plot	level	(b)	mean	COI	and	(c)	%LC	values	







W p r p
All 0.950 <0.001
Obs.	1	&	2 0.966 <0.001 0.961 <0.001
Obs.	1	&	3 0.966 <0.001 0.942 <0.001
Obs.	2	&	3 0.955 <0.001 0.927 <0.001
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that,	although	fewer	tree	crowns	(of	smaller	trees)	are	discernible	in	
the	UAV	 image	data	 (mean	trees/ha:	ground	=	360;	UAV	=	270),	 the	
UAV	 method	 is	 nonetheless	 suitable	 for	 plot-	level	 analysis.	 UAV-	
derived	plot-	level	estimates	of	liana	infestation	were	higher	(i.e.,	under	







campaigns	 are	 typically	 the	most	 costly	 and	 time-	limited	phases	of	
ecological	research,	and	here	the	efficiency	of	the	UAV	survey	over	
the	ground	survey	 is	particularly	enhanced.	 It	 reduces	field	time	by	
98.6%	and	the	fixed	costs	of	UAV	hardware	and	software	are	recov-












sifications	of	 liana	 loads	derived	 from	UAV	 image	data,	 regardless	
of	liana	expertise	or	previous	experience	of	liana	surveys	(Table	1),	
indicating	 high	 reproducibility	 of	 the	 UAV	 method.	 Additionally,	
the	UAV	method	was	much	more	 time-	efficient	 than	 the	 ground-	
based	method,	particularly	in	the	field,	and	considerably	more	cost-	
efficient	 over	 multiple	 surveys	 (Table	4),	 with	 initial	 investment	
recouped	within	 the	 first	 six	plots.	The	UAV	also	 remains	cheaper	
than	 most	 suitable	 satellite	 or	 manned	 aerial	 survey	 image	 data.	
TABLE  2 Percentage	of	trees	in	each	of	the	crown	occupancy	index	(COI)	classes	for	the	ground	(G)	and	UAV	surveys,	and	the	degree	of	
concordance	between	the	surveys	(Kendall’s	W)	for	the	full	dataset	(All	trees)	and	the	dataset	partitioned	by	canopy	strata.	p < 0.001 for all 
comparisons
N W
COI 0 (%) COI 1 (%) COI 2 (%) COI 3 (%) COI 4 (%)
G UAV G UAV G UAV G UAV G UAV
All	trees 3,555 0.947 44.6 34.5 13.0 24.7 12.3 11.4 12.1 12.8 18.0 16.6
Lower 1,841 0.968 33.9 31.6 16.2 22.0 15.2 13.5 13.1 14.0 22.0 19.0
Mid 989 0.936 44.5 29.6 11.0 26.7 11.2 11.7 13.6 14.3 19.5 17.7
Upper 412 0.909 61.2 39.6 10.2 28.9 7.8 7.0 10.0 10.2 10.9 14.3















I 0 1,164 54 7 2 0
1 390 358 109 16 5
2 25 43 227 93 18
3 9 6 85 259 96





























At	 the	 plot	 level,	UAV-	based	 surveys	 consistently	 classed	 per-
cent	 liana	 infestation	higher	 than	ground-	based	surveys	 (Figure	5).	
There	 are	 two	 explanations	 for	 this.	 Firstly,	 UAVs	 were	 better	 at	
recognizing	low-	level	liana	infestation	(Tables	2	and	3;	Figures	3	and	
4).	 Secondly,	 plot-	level	 estimates	 of	 liana	 infestation	 from	 ground	
surveys	 included	 understorey	 trees	 not	 visible	 on	 the	UAV	 image	
data.	 As	 understorey	 trees	 are	 less	 frequently	 infested	 by	 lianas	
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The	 fine	 spatial	 resolution	 of	UAV	 image	 data,	 combined	with	











possible	with	 ground-	based	methods,	 enabling	 better	 targeting	 of	
management	practices	such	as	liana	cutting,	and	saving	time,	effort,	
and money.
UAVs	 improve	 liana	 infestation	 assessment	 for	 canopy	 and	
emergent	trees,	compared	to	ground	surveys	(Table	2;	Figure	4c,d;	
Supporting	 Information	 Appendix	S3.4c,d).	 These	 tall	 trees	 store	
and	sequester	 the	most	carbon	and	are	 the	main	commercial	 spe-
cies.	Liana-	induced	changes	 in	 them	may,	 therefore,	be	an	 import-
ant	mechanism	affecting	forest-	level	and	tree-	level	carbon	storage	
and	 sequestration,	 for	which	UAVs	 represent	 a	 particularly	 useful	
management	 tool.	 Successful	 liana	 management	 may	 also	 help	 to	
increase	timber	and	fruit	productivity,	and	carbon	storage	and	se-









Unmanned	 aerial	 vehicles	 answer	 this	 need,	 offering	 user-	
controlled	 deployment	 times,	 potential	 for	 high	 temporal	 fre-
quency	 and	 an	 increased	 likelihood	 of	 recognizing	 low-	level	
liana	 infestation	(Table	2;	Figure	4c,d).	This	allows	for	a	flexible	

















– – 84.60 – – 4.70b
Field	assistants – – 166.50 – – 9.25b
UAV	flight	(inc.	take-	off/
landing)
– – – 0.5 1,336 –
COI	and	%LC	assessments 40 450 – – – –
Laboratory
Data	type	up 5 – – – – –
Processing	image	data – – – 9 427.10 –
Mapping	trees	on	
orthomosaics
– – – 1 – –
COI	and	%LC	assessment – – – 2 – –
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as	 spatial	 patterns	of	 liana	 infestation	 change	over	 time.	 It	will	
also	 help	 track	 temporal	 changes,	 not	 only	 in	 liana	 infestation	
but	also	in	wider	canopy	phenomena,	such	as	tree	crown	shape	










in	 time	 and	 measure	 variables	 that	 were	 not	 measured	 at	 the	
time	 but	 are	 later	 deemed	 important.	 For	 example,	 orangutan	
nests	are	clearly	visible	 in	our	 imagery	 (Supporting	Information	
Appendix	S3.5).
Advances	in	UAV	technology	and	competitive	price	pressures	
are	 likely	 to	 improve	 the	 current	 UAV	 method	 and	 expand	 its	
applicability	 for	 forest	management.	We	 cannot	 specify	 at	what	
resolution	 lianas	 (or	 other	 canopy	 phenomena)	 become	 indistin-
guishable	 (lianas	remained	clearly	 identifiable	 in	our	coarser	spa-
tial	 resolution	 images;	 Supporting	 Information	 Appendix	S3.3),	
but	 the	advent	of	newer	UAVs	with	 larger	high-	resolution	 image	
sensors,	bright	lenses,	and	zoom	lens	technology	will	enable	even	
higher	 flights	while	 retaining	 the	 ability	 to	 identify	 lianas,	which	









dicted	 future	 price	 drops	 will	 increase	 their	 accessibility.	 While	
RGB	 images	 allow	 visual	 species	 identification	 (Baena,	 Boyd,	 &	








tion	 of	 the	 cost.	 Also,	 as	 liana	 and	 tree	 species	 differ	 spectrally	
(e.g.,	Sánchez-	Azofeifa	et	al.,	2009),	hyperspectral	UAVs	may	help	
discern	 liana	 and	 tree	 species,	 supporting	monitoring	 of	 tropical	










The	 recent	 proliferation	 of	 lianas,	 coupled	 with	 their	 large	 im-
pacts	 on	 the	 carbon	 balance	 and	 cycle	 of	 tropical	 forests,	 has	
made	 it	 important	 to	 study	 liana	 infestation	 of	 tree	 canopies	
more	comprehensively	and	frequently	than	feasible	with	current	
















protocols	 to	effectively	manage	 liana	 infestation	 to	aid	 restora-
tion	of	degraded	 forests,	 silvicultural	 systems,	 and	projects	de-
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